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Summary
Viruses are known as important mortality agents of
marine microorganisms. Most studies focus on bac-
terial and algal viruses, and few reports exist on
viruses infecting marine heterotrophic protists. Here
we show results from several incubations initiated
with a microbial assemblage from the central Indian
Ocean and amended with different amounts of
organic matter. Heterotrophic flagellates developed
up to 30 000 cells ml-1 in the most enriched
incubation. A 18S rDNA clone library and fluorescent
in situ hybridization counts with newly designed
probes indicated that the peak was formed by Cafete-
ria roenbergensis and Caecitellus paraparvulus (90%
and 10% of the cells respectively). Both taxa were
below detection in the original sample, indicating a
strong positive selective bias during the enrichment.
During the peak, C. roenbergensis cells were
observed with virus-like particles in the cytoplasm,
and 4 days later this taxa could not be detected.
Transmission electron microscopy confirmed the
viral nature of these particles, which were large
(280 nm), had double-stranded DNA, and were pro-
duced with a burst size of ~70. This virus was specific
of C. roenbergensis as neither C. paraparvulus that
was never seen infected, nor other flagellate taxa that
developed in later stages of the incubation, appeared
attacked. This is one of the few reports on a het-
erotrophic flagellate virus and the implications of this
finding in the Indian Ocean are discussed.
Introduction
Viruses are abundant and ubiquous members of marine
ecosystems, infecting probably all living beings from bac-
teria to whales, and playing different ecological roles
(Suttle, 2005). By lysing marine microorganisms which
are at the base of food webs, viruses can compromise the
trophic transfer of energy and organic matter, stimulate
respiration and nutrient regeneration, and thus influence
global biogeochemical cycles (Fuhrman, 1999). Because
viruses are generally host-specific, they can affect the
dynamics of given populations (Brussaard, 2004) and
modulate the diversity of natural assemblages (Wommack
and Colwell, 2000). In fact, according to the ‘killing the
winner’ hypothesis (Thingstad and Lignell, 1997), they are
responsible for maintaining the high diversity of microbial
assemblages by suppressing the most successful
population. Viruses have also played an important role in
evolution and diversification in prokaryotes, being vectors
of extensive horizontal gene transfer among different evo-
lutive lineages (Ochman et al., 2000; Weinbauer and Ras-
soulzadegan, 2004). Moreover, viruses appear to harbour
an enormous genetic and biological diversity that remains
largely undersampled (Man et al., 2003). Therefore, it is
widely accepted that viruses are active and important
components of marine microbial communities.
Most virus-like particles (VLP) found in aquatic systems
are very small, typically below 100 nm in capsid size, and
are considered to infect mostly bacteria (Weinbauer,
2004). Large filamentous VLP infecting aquatic bacteria
have been observed (Hofer and Sommaruga, 2001), but
they are uncommon in marine waters (Middelboe et al.,
2003). Bacteriophage ecology has typically focus on esti-
mating and explaining their abundance and their impact
on bacterial production and diversity (Weinbauer, 2004).
This focus provides fundamental insights on the ecologi-
cal role of phages, but hides the complexity of specific
viral–host interactions, because both viral and bacterial
assemblages are considered as homogeneous groups
(the so-called black-box approach). An exception of this
‘black-box’ approach on phage ecology are studies on
viruses infecting specifically the cyanobacteria Synecho-
coccus and Prochlorococcus (Suttle and Chan, 1994; Sul-
livan et al., 2003). Marine eukaryotic viruses, on the other
hand, are typically larger, less abundant, and their study
is generally based on specific viral–host interactions
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(Brussaard, 2004). Viral impact on species from most
important algal groups has been seen in the field, with
viruses preventing or terminating algal blooms. Some
examples are reports of viral control on populations of the
DMS-producing Emiliania huxleyi (Bratbak et al., 1993),
the harmful bloom-forming Heterosigma akashiwo (Taru-
tani et al., 2000), or the abundant coastal picoeukaryote
Micromonas pusilla (Cottrell and Suttle, 1995). Viruses
infecting these and other algal taxa have been isolated
and maintained in culture, where their lytic cycle, infectiv-
ity range, molecular features and gene content are char-
acterized (Wilson et al., 2005; Zingone et al., 2006).
Compared with the numerous studies on marine algal
viruses very little is known on viruses infecting marine
heterotrophic protists. The most abundant of these pro-
tists are heterotrophic flagellates of sizes between 2 and
5 mm, which play central roles in microbial food webs as
picoplankton grazers (Sherr and Sherr, 2002; Pernthaler,
2005). Even though there are many taxa in culture
(Patterson and Larson, 1991), their in situ diversity
remains largely unknown (Arndt et al., 2000), and uncul-
tured groups are relatively abundant in marine samples
(Massana et al., 2006a). This might explain why there are
so few studies of heterotrophic flagellate viruses. One
study reported the occurrence of VLP within an unpig-
mented flagellate associated with a dinoflagellate bloom
(Nagasaki et al., 1993). Up to 20% of cells appeared
infected, and the authors suggested that the virus regu-
lated the dynamics of this population. In another study,
VLP were seen within four chrysophyte species and were
responsible for their abrupt disappearance in enrichment
cultures (Preisig and Hibberd, 1984). To our knowledge,
only one virus infecting a heterotrophic flagellate has
been isolated and maintained in culture (Garza and
Suttle, 1995). This virus was specific for Bodo sp. and
could diminish cultures of this flagellate. Recently, a virus
infecting a marine thraustochytrid has been isolated
(Takao et al., 2005), which is not strictly a grazer flagellate
but a fungoid protist.
Here we report the presence of a virus during an
enrichment of heterotrophic flagellates from the central
Indian Ocean. We compared the taxa developing in incu-
bations initiated from the same sample but with different
levels of organic matter. Flagellates growing in
unamended incubations were those that dominated
natural assemblages (Massana et al., 2006b), and we
hypothesized that typical cultured flagellates would grow
in enriched incubations. In the most enriched incubation,
we observed that the heterotrophic flagellate assem-
blage suddenly crashed concomitantly with the presence
of VLP, first inside the cells and later free in the water. By
combining epifluorescence microscopy, flow cytometry,
electron microscopy and molecular techniques we
assessed whether VLP were in fact viruses, which flagel-
late taxa was the host of the virus, and the dynamics of
both host and viral populations.
Results
Dark incubations of 3 mm filtered surface seawater were
initiated in one station at the central Indian Ocean. One
control (unamended, OA) and three enriched incubations
were prepared with different amounts of rice media: 0.2%
v/v (OB), 1% v/v (OC) and 4% v/v (OD). The dynamics of
bacteria and protists were followed daily by epifluores-
cence microscopy (Fig. 1). In the first two incubations (OA
and OB) there were minor changes in microbial counts
(Fig. 1A), with heterotrophic bacteria fluctuating between
0.7 and 1.0 ¥ 106 cells ml-1 and heterotrophic flagellates
between 0.3 and 1.1 ¥ 103 cells ml-1. The effect of the rice
media was obvious in the other two cases, with bacterial
numbers reaching up to 2.5 ¥ 106 cells ml-1 and peaks of
heterotrophic flagellates (6.5 and 30.4 ¥ 103 cells ml-1 in
OC and OD respectively), which lasted very shortly. Bac-
terial numbers were suppressed by heterotrophic flagel-
lates only in OD. In all cases, phototrophic flagellates and
Synechococcus decreased continuously, consistent with
the dark incubation (Fig. 1B).
During the epifluorescence microscopic counts, we
noticed that some heterotrophic flagellates had the cyto-
plasm full of regular particles that fluoresced brightly after
DAPI staining (Fig. 2A). These VLP were large enough to
be retained in the 0.2 mm pore-size filter to count bacteria
and were confused initially with very small cocci. They
were particularly obvious in OD at day 5, when most
heterotrophic flagellates appeared infected (72% of the
cells) with a relatively uniform number of VLP (68.5 on
average; SE = 2.7; n = 20). Fixed flagellates from this
sample were concentrated, sectioned and observed by
transmission electron microscopy (TEM). Up to eight
regular particles were clearly visible inside the cytoplasm
of a 3-mm protist, confirming that these particles were
indeed viruses (Fig. 2B). They showed an hexagonal or
pentagonal profile in section and were therefore probably
icosahedral in three-dimensional morphology. Their esti-
mated size was 280 nm.
As reference for flow cytometric analyses, we used a
suspension of T4 (bacteriophage) and EhV-86 (E. huxleyi
virus), which were detected as distinct populations on flow
cytograms (R1 and R2 in Fig. 3A). Virus-like particles
appearing in the OD incubation (R3 in Fig. 3B) were iden-
tified as a population with side scatter and fluorescence
values larger than EhV-86 but lower than heterotrophic
bacteria (R4 in Fig. 3B). Flow cytometry counts of VLP
with these settings were below detection in OA and OB
samples and low in OC: 7.1 ¥ 104 VLP ml-1 at day 7 (data
not shown). In OD, on the other hand, VLP suddenly
increased from day 4 to day 6 and remained high
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(2 ¥ 106 VLP ml-1) for the rest of the incubation (Fig. 1A).
The increase in VLP was concomitant to a sudden
decrease in the abundance of heterotrophic flagellates.
We then analysed the changes in protist diversity in the
four incubations by using the fingerprinting technique
DGGE based on 18S rDNAs (Fig. 4A). The high diversity
observed in the initial sample was roughly maintained in
OA and OB, incubations that presented few changes and
shared many bands with the initial sample. Conversely, in
OC and OD there was a significant simplification of the
protist assemblage, which ended the incubation domi-
nated by a few bands barely detectable at the beginning.
This overall trend was exemplified by the grouping of
samples in the dendrogram derived from the DGGE fin-
gerprint (Fig. 4B). There was a clear grouping of the three
initial samples (IND58, OA0 and OD0) and all samples
from OA and OB, indicating minor changes of diversity
during the 8 days of the incubation in these treatments.
On the other hand, all samples from OC and OD formed
a separate cluster, with samples from the intermediate
times (days 4 and 6) grouping together in each incubation.
To identify the heterotrophic flagellates forming the
largest peak in our study, we constructed a 18S rDNA
clone library from sample OD at day 4. A restriction frag-
ment length polymorphism (RFLP) analysis of the first 26
clones from the OD4 library indicated a very low diversity,
with a pattern repeated 21 times and another repeated
three times. One clone from each RFLP pattern was fully
sequenced (the dominant pattern was sequenced twice to
confirm their phylogenetic position: clones OD4.1 and
OD4.2), and all of them affiliated within the bicosoecids
(Fig. 5). The OD4 library was dominated by Cafeteria
roenbergensis (22 clones out of 26), whereas the remain-
ing four clones affiliated with Caecitellus paraparvulus,
represented by two slightly different phylotypes. A library
from the in situ sample (IND58) yielded four clones related
Fig. 1. A. Abundance of heterotrophic
bacteria (HB) and heterotrophic flagellates
(HF) during the incubations with different
amounts of rice media: 0% (OA), 0.2% (OB),
1% (OC) and 4% (OD). Abundance of
virus-like particles (VLP, same scale as HB) is
shown only in OD.
B. Abundance of phototrophic flagellates (PF,
left panel) and Synechococcus (right panel)
during the four incubations.
Fig. 2. Micrographs of a Cafeteria roenbergensis cell infected by
viruses observed by DAPI staining and epifluorescence microscopy
(A) and transmission electron microscopy (B). Cells are from the
incubation OD at day 5. The scale bar is 2 mm in both pictures.
2662 R. Massana, J. del Campo, C. Dinter and R. Sommaruga
© 2007 The Authors
Journal compilation © 2007 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 9, 2660–2669
Fig. 3. Flow cytometric analysis of a mix of
two isolated viruses (A) and the sample OD at
day 10 (B). R1: T4-phage; R2: Emiliania
huxleyi virus EhV-86; R3: Cafeteria
roenbergensis virus; R4: Heterotrophic
bacteria; R5: Fluorescent microspheres.
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Fig. 4. A. Inverted image of a DGGE gel
showing the fingerprint of eukaryotic
populations at selected days in the four
incubations. The fingerprint from the in situ
sample (IND58) and from the dominating
clone in the OD4 library (OD4.2) is also
shown.
B. Cluster analysis relating DGGE
fingerprints.
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to C. paraparvulus (out of 62 clones), three related to
OD4.7 and one to OD4.14. Three clones from the
dominant RFLP pattern in OD4 (affiliating with
C. roenbergensis) were run simultaneously in the DGGE
with the samples from the incubations. The three clones
showed the same mobility (only OD4.2 is shown in
Fig. 4A) and coincided with a bright DGGE band in the OC
(days 4–8) and OD (days 4–6) incubations.
Oligonucleotide probes against C. roenbergensis and
Caecitellus spp. (probe coverage in Fig. 5) were designed
and applied to quantify these flagellates by fluorescent
in situ hybridization (FISH) in the incubations OA
(unamended) and OD (largest enrichment). We assumed
that counts with probe CET01 in this study accounted for
C. paraparvulus cells, because only sequences from this
species were retrieved in libraries OD4 and IND58. Both
flagellates were below detection levels in the initial
sample and did not develop (C. roenbergensis), or only
slightly (C. paraparvulus, up to 20 cells ml-1), in the OA
incubation. However, both taxa reacted very fast in OD
(Fig. 6). Caecitellus paraparvulus grew first, accounting
for 50% of eukaryotic FISH counts at day 2, whereas
C. roenbergensis dominated at day 4, during the peak of
heterotrophic flagellates, accounting for about 90% of
eukaryotic cells. The maximum abundance for both taxa
was 2070 and 22 900 cells ml-1 respectively. The combi-
nation of FISH staining (orange cytoplasm under green
light) and DAPI staining (blue nucleus and VLP under UV
radiation) revealed that the cells infected by the virus
belonged exclusively to C. roenbergensis.
After the peak of heterotrophic flagellates in OD, C.
roenbergensis and C. paraparvulus cells decreased (both
in numbers and in contribution to eukaryotic cells), and at
day 8 were undetected by FISH. The dynamics between
days 4 and 8 of C. roenbergensis (from 2.3 ¥ 104 to
0 cells ml-1) and VLP (from 2.2 to 20.0 ¥ 105
particles ml-1) allowed a rough estimation of the viral burst
size, 77 VLP per lytic event, close to the value estimated
from counting VLP in infected cells by epifluorescence. A
clone library from sample OD at day 8 revealed that the
Fig. 5. Phylogenetic tree of 18S rDNA sequences from representative bicosoecids and clones retrieved in the OD4 library and the IND58
library (in situ sample). Clone IND33.38 is from another Indian Ocean station. The coverage of the FISH probes designed here is shown.
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heterotrophic flagellate assemblage was very different
from that at day 4: Paraphysomonas butcheri dominated
(11 of 14 clones), together with other taxa such as
Amastigomonas debruynei, Ancyromonas sigmoides, and
an unidentified stramenopile. No bicosoecid sequence
was found in this library. This revealed a fast replacement
of flagellate taxa, apparently unaffected by the
C. roenbergensis virus, during the OD incubation.
Discussion
Heterotrophic flagellates play a key role in marine food
webs as already highlighted in the seminal paper on the
microbial loop concept (Azam et al., 1983). However, their
in situ diversity remains largely unknown (Arndt et al.,
2000; Sherr and Sherr, 2002), and it appears to be sig-
nificantly composed by groups without cultured represen-
tative (Massana et al., 2006a). These uncultured taxa can
grow in unamended incubations (Massana et al., 2006b),
and we hypothesize that they would not grow when
adding organic matter, as typically done during culturing
attempts. In the present study, no flagellate growth was
observed in the unamended incubation (OA) and the one
with the lowest enrichment (OB), likely because the initial
sample was very oligotrophic (Massana et al., 2006b). In
contrast, the addition of relatively little organic matter
(only 1–4% of what is used in culturing; incubations OC
and OD) promoted a large development of bacteria and
heterotrophic flagellates. Sequencing and FISH analyses
from the OD incubation showed that the flagellate peak
was formed essentially by Cafeteria and Caecitellus, well-
known cultured genera that appear in the list of the 20
most commonly reported heterotrophic flagellates (Patter-
son and Lee, 2000). We confirmed the hypothesis that
cultured taxa would grow under enriched conditions and
uncultured taxa only in unamended conditions (Massana
et al., 2006b). Cafeteria and Caecitellus cells were not
detected by FISH in the initial sample, so they seem to
belong to the rare ‘biosphere’ of microbial assemblages
(Pedrós-Alió, 2006), taxa that are present at very low
abundance but can be retrieved by selective culturing.
During the OD incubation, C. paraparvulus grew first
and probably was initially more abundant than C. roen-
bergensis, because it was detected in the IND58 library
(four clones out of 62). However, it only accounted for
10% of cells at the peak at day 4. The dominant flagellate
at the peak was C. roenbergensis, which accounted for
90% of the cells. This flagellate was not detected initially
(neither by FISH nor in the clone library) and grew very
fast in the incubation. A very rough estimate using only
two points (days 2 and 4) resulted in a growth rate of
2.4 day-1 and an initial abundance of 1.5 cells ml-1. This
growth rate is lower but comparable to the highest rate
measured in a Cafeteria sp. culture, 3.5 day-1 (Boenigk
et al., 2007). An intriguing observation is that the three
complete 18S rDNA sequences of C. roenbergensis were
not identical (despite two had the same RFLP pattern), but
showed 5–6 differences in the 1716 bp length. These
differences are minor but very unlikely from the same cell,
meaning that a mixed assemblage of C. roenbergensis
was present in the initial sample and developed together
during the incubation. The ecological significance of this
microdiversity is unknown, although it seems to be a
property of marine microbial populations (Acinas et al.,
2004). After the population peak of C. roenbergensis at
day 4, numbers rapidly decreased and at day 8 were
below detection by FISH. This appeared to be related to
the presence of VLP infecting the population.
These VLP were initially seen by epifluorescence
microscopy as uniform dots that fluoresced brightly after
DAPI staining, indicating they contained double-stranded
(ds) DNA. By flow cytometry they appeared larger and
with more DNA than the two reference viruses used. Ultra-
structural analysis by TEM showed icosahedral particles
inside flagellate cytoplasm. Their capsid size was around
280 nm, somewhat larger that many dsDNA algal viruses
(Brussaard, 2004) but not uncommon (Van Etten and
Meints, 1999). The virus was specific to C. roenbergensis.
Only cells from this taxa were infected after FISH inspec-
tion (e.g. C. paraparvulus never was), and other flagellate
taxa (such as P. butcheri) developed moderately after
C. roenbergensis even though VLP numbers remained
high until the end of the incubation. These constant high
numbers suggest that the viruses were not significantly
grazed by heterotrophic flagellates. Thus, in this case
viruses did not seem to be food for flagellates (González
and Suttle, 1993). The virus described here is very similar
(in capsid size, shape and nucleic acid content) to the only
Fig. 6. Abundance of protists during the OD incubation estimated
by DAPI (HF plus PF) and FISH counts (eukaryotic probe), and
percentage of the later accounted by FISH counts with the specific
probes CAF01 and CET01. Bars not seen (days 0, 8 and 10) are
near zero.
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heterotrophic flagellate virus isolated so far (Garza and
Suttle, 1995). In fact, the host of the latter virus has now
been properly identified as Cafeteria sp. (C. Suttle, pers.
comm.), which opens the possibility that it might be the
same virus, one isolated in the Gulf of Mexico and the
present one in the central Indian Ocean. The existence of
viruses with a broad distribution in the marine environ-
ment has already been described (Short and Suttle,
2002), and fits with similar observations for prokaryotic
(Morris et al., 2002) and eukaryotic assemblages
(Massana et al., 2006a).
In this study, we have shown that a cultured het-
erotrophic flagellate and its specific virus were readily
selected by enriching an oceanic sample with organic
matter. The virus could spread fastly and crash completely
the host population. The virus was host-specific as it did
not affect the dynamics of other flagellate taxa even from
the same phylogenetic group. This result is in agreement
with the general view of the ecological role of viruses: they
exist for virtually all protist taxa, are host-specific and
density dependent, and can control population dynamics,
as has been seen terminating algal blooms (Bratbak
et al., 1993; Tarutani et al., 2000; Brussaard, 2004). Our
study shows that heterotrophic flagellate populations can
also be controlled by viruses (Garza and Suttle, 1995).
We consider our observation as casual, because there
are many reports of C. roenbergensis cultures and enrich-
ments where viruses have not been detected. It is also
puzzling that a natural assemblage from a remote and
oligotrophic place such as the central Indian Ocean con-
tained a virus specific for a rare protist population. A
possible explanation is that the virus was lysogenic (i.e. its
genome was integrated into that of the flagellate) and
switched to a lytic cycle due to the flagellate growth. Cells
which are nutrient-limited have usually insufficient energy
available for the virus to initiate the lytic cycle. Moreover,
lysogenic bacterial viruses seem to dominate in olig-
otrophic marine regions (Weinbauer, 2004). Alternatively,
the virus could be part of a rare ‘virosphere’ waiting for
their opportunity to develop. At any rate, we report the
occurrence of a virus terminating a bloom, induced
from a natural sample, of the heterotrophic flagellate
C. roenbergensis.
Experimental procedures
Sampling and seawater incubations
Sampling was performed in the central Indian Ocean
(17°10.55′S, 83°40.51′E; maximum depth 5646 m) on 1 June
2003 on board of the R/V Melville (Scripps Institution of
Oceanography). Surface (5 m) seawater was collected with a
Niskin bottle attached to a CTD rosette. Temperature at this
depth was 25°C. Seawater was filtered by gravity first through
a nylon mesh of 200 mm and later through polycarbonate
filters of 3 mm pore-size and dispensed in 2-l Nalgene poly-
carbonate bottles. Bottles were supplemented with different
amounts of rice media (supernatant obtained after autoclav-
ing 1 l of seawater with 40 grains of rice) to promote bacterial
growth that serve as food for heterotrophic flagellates. All
bottles were incubated in the dark inside a tank on the ship
deck continuously fed with surface seawater.
Subsamples for flow cytometry and epifluorescence
microscopy were taken daily during 10 days. Aliquotes for
flow cytometry were fixed with 1% paraformaldehyde and
0.05% glutaraldehyde (final concentrations), kept in the dark
for 10 min and deep-frozen in liquid nitrogen. Aliquotes for
epifluorescence microscopy were fixed with ice-cold glutaral-
dehyde (1% final concentration), stained with DAPI and fil-
tered through 0.2 and 0.6 mm pore-size black polycarbonate
filters for counting heterotrophic bacteria (potentially includ-
ing archaea and Prochlorococcus), Synechococcus and
flagellates (heterotrophic and phototrophic). Counts were
done in the laboratory during the first 2 months after
sampling. Subsamples for molecular analyses were taken
every other day. Aliquotes for microbial biomass (60–150 ml)
were filtered on 0.2 mm pore-size Durapore filters, sub-
merged in lysis buffer (40 mM EDTA, 50 mM Tris-HCl and
0.75 M sucrose) and kept frozen (-50°C on board and -80°C
afterwards). DNA extraction was performed by digesting with
lysozyme, proteinase K and SDS, purifying by phenolyzation,
and concentrating with a Centricon-100 as described before
(Díez et al., 2001). Subsamples for FISH counts (50–100 ml)
were fixed with 0.2 mm-filtered formaldehyde (3.7% final con-
centration), kept for 1–24 h at 4°C, filtered on 0.6 mm pore-
size polycarbonate filters, and stored frozen.
Viral abundance by flow cytometry
Fixed samples were stained with the nucleic acid stain SYBR
Gold (Molecular Probes) as described before (Chen et al.,
2001). Fluorescent microspheres (1 mm TransFluoSpheres
488/560, Molecular Probes) were added to the sample as
counting and internal fluorescence reference. The concentra-
tion of microspheres in the stock solution was calculated from
the number quantified by flow cytometry in a given volume,
estimated as the weight loss of the sample during
measurement. Flow cytometric analysis was performed on a
MoFlo (DakoCytomation) at the laboratory in Innsbruck. This
instrument is equipped with a water-cooled argon ion 4 W
Innova 90°C + laser (Coherent) tuned to 488 nm with an
output power of 200 mW at TEM00. The orthogonal side
scatter (SSC) was measured at 488/10 nm, the green fluo-
rescence of SYBR Gold at 535/50 nm after a 495-nm long-
pass dichroic beamsplitter, and the yellow signals from the
microspheres at 630/40 nm after a 570-nm longpass dichroic
beamsplitter. Detectors were R-1477 photomultiplier tubes
(Hamamatsu) at 450, 520 and 700 V for SSC, SYBR Gold
and yellow signals respectively. Measurements were trig-
gered on logarithmically amplified SYBR Gold signals.
Underestimation of particle abundance due to detection of
aggregated viruses (i.e. coincidence) was minimized by mea-
suring < 900 events s-1. Suspensions of the bacteriophage
T4 (Leiman et al., 2003) and of E. huxleyi virus EhV-86
(Wilson et al., 2005) were used as reference. Their capsid
size was 85 and 175 nm respectively. The two viruses were
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detected as distinct populations and separated from the elec-
tronic noise of the instrument on histograms of SSC versus
SYBR Gold fluorescence.
Transmission electron microscopy (TEM)
A paraformaldehyde/glutaraldehyde fixed aliquot of 1.5 ml
was concentrated on a Millipore Ultrafree-MC, 0.1-mm filter
unit–spin column by centrifugation at 4000 g for 2 min. The
filter was washed three times with 0.1 M phosphate buffer
(10 min incubation) followed each time by centrifugation at
4000 g for 2 min. The filter was removed and fixed with
osmium tetraoxide during 1 h according to the protocol of
Shigenaka and colleagues (1973). Afterwards, the fixative
was removed by centrifugation (3000 g for 30 s) and sub-
jected to a series of dehydration steps in ethanol (50%,
2 ¥ 70%, 90%, 3 ¥ 100%). The dehydrated sample was
embedded in a low viscosity Spurr’s resin. Ultrathin sections
(90 nm) were cut with a glass knife on an ultramicrotome
(Reichert-Jung Ultracut E) and mounted on Formvar-coated
grids. Ultrathin sections were stained with a saturated
aqueous solution of uranyl acetate mixed with an equal
volume of ethanol for 20 min and further stained with alkaline
lead citrate for 10 min. Sectioned material was observed with
a Zeiss TEM 902 electron microscope at the laboratory in
Innsbruck. Viruses were observed inside the flagellates at a
magnification of 55 000 ¥ and micrographs were taken at
20 000 ¥.
Denaturing Gradient Gel Electrophoresis (DGGE)
One microlitre of DNA extract was used as template for
polymerase chain reaction (PCR) amplification of eukaryotic
18S rDNA using primers Euk1A and Euk516r-GC (Díez et al.,
2001). DGGE was carried out with a DGGE-2000 system
(CBS Scientific Company). Gels of 6% polyacrylamide were
prepared with a gradient of denaturant agent from 40% to
65% (100% denaturant agent being 7 M urea and 40% deion-
ized formamide). 800 ng of PCR product were loaded for
each sample and the gel was run at 100 V for 16 h at 60°C in
1 ¥ TAE buffer (40 mM Tris [pH 7.4], 20 mM sodium acetate,
1 mM EDTA). The gel was stained with SYBR Gold (Molecu-
lar Probes) and visualized with UV radiation in a Fluor-S
MultiImager (Bio-Rad). High-resolution images were analy-
sed with the software Quantity One (Bio-Rad) to detect
DGGE bands, quantify their intensity and identify the same
band position across the different lanes of the gel. A matrix
was constructed with the relative intensity of individual bands
in each lane. This matrix was used to calculate a distance
matrix with City-block distances and a dendrogram with
Ward’s method using the software Statistica 6.0 (StatSoft).
Genetic libraries and phylogenetic analysis
18S rRNA genes were PCR-amplified with the eukaryotic
primers EukA and EukB following the conditions described
before (Díez et al., 2001). Polymerase chain reaction prod-
ucts from several reactions were cleaned with the QIAGEN
PCR purification kit and cloned with the TOPO-TA cloning kit
(Invitrogen). The presence of the 18S rDNA insert in the
positive colonies was checked by PCR amplification with
the same primers. Polymerase chain reaction products of the
right insert size were digested with the restriction enzyme
HaeIII (Invitrogen) and run in agarose electrophoresis to
identify clones with the same RFLP pattern. Complete 18S
rDNA sequences were obtained with the Bigdye Terminator
Cycle Sequencing kit v.3.0 (PE Biosystems) and an ABI
PRISM model 377 (v. 3.3) automated sequencer using five
eukaryotic primers. These were aligned with a selection of
bicosoecid sequences using ClustalW 1.82 (Thompson et al.,
1994). Highly variable regions of the alignment were removed
using Gblocks (Castresana, 2000) leaving 1553 informative
positions. Maximum likelihood analysis was carried out with
PAUP 4.0b10 (Swofford, 2002) using the optimal evolutive
model and parameters found by ModelTest (Posada and
Crandall, 1998). Sequences have been deposited in
GenBank under the Accession numbers EF620521–
EF620528.
Fluorescent in situ hybridization (FISH)
Two oligonucleotide probes against C. roenbergensis (includ-
ing Cafeteria mylnikovii) and Caecitellus parvulus and
C. paraparvulus (Hausmann et al., 2006) were designed
with the ARB package (http://www.arb-home.de/): CAF01
(5′-ACAGTGCTGACACCCTGT-3′) and CET01 (5′-CAGC
TCAATACGGACACC-3′) respectively. Closest non-target
sequences have at least eight mismatches with the probes,
except Caecitellus pseudoparvulus sequences which have
three central mismatches with CET01. Probes were supplied
labelled with a CY3 fluorophore at the 5′ end and were tested
against the targeted cultures in a gradient of formamide
(0–50%) in the hybridization buffer and constant temperature
(46°C) as explained before (Massana et al., 2006a). Optimal
hybridization signal was obtained with 30% formamide in
both cases. Probes gave negative results with all non-target
cultures tested: a prasinophyte, a prymnesiophyte, a crypto-
phyte, an eustigmatophyte and a chrysophyte (listed in
Massana et al., 2006a). These two new probes, together with
probe Euk502 universal for eukaryotes (Lim et al., 1999)
were applied to samples from the incubations as follows.
Filter portions (2 per sample) with protist cells were hybrid-
ized for 3 h at 46°C with each probe at 5 ng ml-1 in a buffer of
900 nM NaCl, 20 mM Tris-HCl, 0.01% SDS and 30%
formamide. Filters were washed for 15 min at 48°C in a buffer
of 110 mM NaCl, 20 mM Tris-HCl, 5 mM EDTA and 0.01%
SDS. Filters were then dried, counterstained with DAPI,
mounted in a slide with a mix of Citifluor and Vecta Shield
(4:1), and observed by epifluorescence microscopy under UV
excitation (DAPI signal) and green light excitation (CY3
signal) at a magnification of 1250 ¥. Four transects were
inspected per sample and mean cell counts and standard
errors were calculated. Standard errors were typically 20% of
the mean. The detection limit of the counts performed here
was around 1 cell ml-1.
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